ABSTRACT To determine the mechanism for the formation of hemoglobin Alc (Hb Ale) in vivo, we incubated human hemoglobin with glucose and metabolites of glucose. ['4CJGlu-cose-6-phosphate (G6P) reacted readily with deoxyhemoglobin, and formed a covalent linkage. The reaction rate was considerably reduced in the presence of carbon monoxide or 2,3-diphosphoglycerate (2, . Purified G6P hemoglobin had a lowered oxygen affinity and decreased reactivity with 2,3-DPG compared to Hb A. G6P behaved as a 2,3-DPG analog and reacted specifically at the NHrterminal amino group of the P chain. In contrast, the interaction of hemoglobin with glucose was much slower, and was unaffected by carbon monoxide or 2,3-DPG. Neither glucose-i-phosphate, fructose-1-phosphate, fructose-6phosphate, nor fructose-1,6-diphosphate formed a reaction product with hemoglobin. G6P action. We have examined the interaction of human hemoglobin with glucose and glucose metabolites in a cell free system devoid of enzymes or cofactors. Our results indicate that 1)-glucose-6-phosphate (G6P) readily forms a covalent linkage specifically at the NH2-terminus of the fl chain, while glucose does not.
reacted specifically at the NHrterminal amino group of the P chain. In contrast, the interaction of hemoglobin with glucose was much slower, and was unaffected by carbon monoxide or 2,3-DPG. Neither glucose-i-phosphate, fructose-1-phosphate, fructose-6phosphate, nor fructose-1,6-diphosphate formed a reaction product with hemoglobin. G6P behaves as an affinity label with thephosphate group forming electrostatic bonds at the 2,3DPG binding site and the aldehyde group reacting with the NH2-terminal amino group of the a chain. Thus, G6P hemoglobin may be an intermediate in the conversion of Hb A to Hb A1c.
About 5% of hemoglobin in normal human red cells is glycosylated. This minor component, designated Hb Alc (1) , is increased at least 2-fold in patients with diabetes mellitus (2, 3) .
Hb Alc is identical in structure to the main component (Hb A) except that the NH2-terminus of each # chain is attached to a glucose molecule by a Schiff base or aldimine linkage (4) (5) (6) . We have presented evidence indicating that the aldimine undergoes an Amadori rearrangement to form a more stable ketoamine linkage (6) action. We have examined the interaction of human hemoglobin with glucose and glucose metabolites in a cell free system devoid of enzymes or cofactors. Our results indicate that 1)-glucose-6-phosphate (G6P) readily forms a covalent linkage specifically at the NH2-terminus of the fl chain, while glucose does not.
MATERIALS AND METHODS
Blood from normal adults was collected in heparin or EDTA. Hemolysate was prepared by the method of Drabkin (8) . Hb A was purified at 40 on a carboxymethylcellulose column (CM 52, Whatman, Inc.; Clifton, N.J.) (9) . Approximately 2 g of hemoglobin was applied to a 4.5 X 25 cm column, and eluted for 15 h with 0.01 M phosphate buffer containing a linear pH gradient (pH 6.8-9.0) at a rate of 90 ml/hr.
Kinetics tions described above. After gel filtration, the hemoglobin was reduced with NaBH4 (6) and then exhaustively dialyzed.
The NaBH4 reduced reaction mixture was applied to a BioRex 70 column (1 X 30 cm) and was developed as described previously (7) . A normal hemolysate was chromatographed in parallel with the G6P reaction mixture. Hemoglobin solutions were also analyzed by isoelectric focusing on polyacrylamide gels (10) . Globin was prepared in acid acetone from the modi- (11) . A tryptic digest was prepared from the desalted aminoethylated (3 chain (12) . Approximately 100 nmol of the tryptic digest was used for a tryptic peptide map on thin-layer glass plates coated with cellulose (Avicel, Analtech; Newark, Del.). (See Fig. 3 legend and ref. 12 for details.) Autoradiography was performed by exposing the thin-layer plate to X-omat film (Kodak RP/R54, Rochester, N.Y.) for 5 days. Amino acid analyses were done by the AAA Laboratories, Seattle, Wash., on a Durrum D-500 analyzer.
Oxygen Equilibria Studies. The purified G6P modified Hb (G6P Hb) was concentrated by pressure dialysis. To convert any cyanmethemoglobin into oxyhemoglobin, we then gel-filtered it under anaerobic conditions through a zone of excess sodium dithionite on G-25 (13) into 0.04 M 2-[bis(2-hydroxyethyl) amino]-2-(hydroxymethyl)-1,3-propanediol at pH 7.2 containing 0.1 M NaCl. The oxy Hb was deoxygenated in a tonometer, having a 1-cm light path, and oxygen equilibrium measurements were performed at 200 as previously described (14) . RESULTS Kinetics of hemoglobin modification The interactions of [14C]glucose and [14C]G6P with hemoglobin are shown in Fig. 1 . The reaction between deoxyhemoglobin and G6P in the absence of any organic phosphates was approximately 20-fold greater than the corresponding reaction with glucose. The reaction of deoxyhemoglobin with G6P was reduced 2.5-fold in the presence of 2,3-DPG, while the reaction between deoxyhemoglobin and glucose was unaffected by 2,3-DPG. Furthermore, carboxyhemoglobin, which has the same quaternary structure as oxyhemoglobin, reacted only half as rapidly with G6P compared to deoxyhemoglobin, while the state of hemoglobin ligation had no effect on its reaction with glucose. It is likely that the incorporation of G6P into hemoglobin involves covalent bonding rather than strong electrostatic interactions since only a trivial amount of radioactivity was recovered in the gel filtered hemoglobin after very short incubation periods (Fig. 1 ). Gustavsson and de Verdier (23) found that, unlike 33-DPG, G6P did not bind electrostatically to deoxyhemoglobin. Fig. 2 shows the Bio-Rex elution pattern of hemoglobin incubated for 5 hr with G6P and then reduced with sodium borohydride. In this experiment, the hemoglobin had previously been purified on CM-cellulose, as described above to prevent contamination by nonheme proteins and minor Hb components. The elution profile showed one very sharp radioactive peak which constituted 14% of the total hemoglobin. This component contained 0.9 mol of G6P per mol of a13 dimer.
The chain separation of this purified G6P hemoglobin on CM cellulose in 8 M urea revealed two major peaks and a minor peak. All of the radioactivity was located in the major chain component which eluted before the normal chain, thus indicating that the modification lowered the isoelectric point (making the protein more negatively charged). This component contained 1.0 mol of G6P per mol of chain. Between the Oxygen equilibria In the absence of organic phosphates, the oxygen binding curve of purified G6P-hemoglobin showed somewhat lower oxygen affinity than that of Hb A ( Table 2 ). The addition of 0.5 mM 2,3-DPG had a lesser effect on the oxygen affinity of G6P-Hb than on that of Hb A. These results are very similar to earlier oxygen equilibria measurements on Hb Al, (14) . DISCUSSION Recent information on the structure (5, 6) and biosynthesis (7) of Hb Alc has not provided a plausible explanation for the (17) . As shown diagramatically in Fig. 4, it The mechanism proposed in Fig. 4 shows 1 mol of G6P interacting with 1 mol of hemoglobin tetramer. In contrast, the purified G6P hemoglobin contains 2 mol of G6P per tetramer. As Guidotti et al. (18) (21) have shown that in red cells G6P is relatively resistant to attack by phosphatases. However, the turnover of G6P in the red cell is several orders of magnitude faster than that of glycosylated hemoglobin.
These results may be applicable to sickle cell anemia. The polymerization of sickle hemoglobin can be significantly reduced by appropriate covalent modifications at the NH2-terminus of the , chain (22) . By manipulating phosphorylated intermediates within sickle erythrocytes, it may be possible to glycosylate a significant proportion of Hb S at the fl-NH2-terminus with the aim of inhibiting sickling.
